ABSTRACT OBJECTIVES This study sought to assess the ability of a novel virtual coronary intervention (VCI) tool based on invasive angiography to predict the patient's physiological response to stenting.
P ercutaneous coronary intervention (PCI)
guided by fractional flow reserve (FFR) is superior to angiography alone, with improved clinical and economic outcomes (1, 2) . However, it is currently used in few patients because it is invasive and time consuming and requires pharmacological induction of hyperemia (3) . Using computational fluid dynamics (CFD) modeling, it is possible to calculate a virtual FFR (vFFR) from a 3-dimensional (3D) reconstruction of the coronary angiogram without the need for invasive pressure wire measurements. This imaging-based solution predicts invasively measured fractional flow reserve (mFFR) with a high level of accuracy (4) . We have developed virtual coronary intervention (VCI) as an extension to this technology.
VCI allows an idealized virtual stent(s) to be inserted and the vFFR to be recalculated. The ability to predict the physiological response to a variety of potential stenting strategies would be advantageous in terms of interventional planning.
The aim of this project, therefore, was to develop and validate a system capable of predicting the physiological response to a planned PCI based solely upon coronary angiographic images.
METHODS STUDY DESIGN.
This was a single-site cohort study carried out at the Northern General Hospital, Sheffield, United Kingdom, which is a tertiary cardiac center. The study protocol was approved by the local ethics committee (13/YH/0070). PROCEDURE PROTOCOL. Patients underwent invasive coronary angiography using standard techniques. All arteries with disease affecting >50% vessel diameter, as determined visually, were assessed using a pressure wire (Volcano, Philips, Amsterdam, the Netherlands). Hyperemia was induced by an intravenous infusion of adenosine, 140 mg/kg/min. The FFR value was measured during stable hyperemia. The decision to proceed to PCI was made by the operator, using the findings from angiographic and invasive FFR assessments. The PCI procedure, including determining the number and sizes of stents, followed standard practice. Following PCI, a repeat FFR measurement was recorded. Gosling et al.
Virtual Coronary Intervention In total, 59 vessels were treated (31 were left anterior descending, 7 were left circumflex, and 21 were right coronary arteries). One patient had no pre-PCI FFR because we were unable to pass the wire, giving 58 paired pre-PCI datasets (Supplemental Figure 2) .
In 1 case, 2 stents were inserted sequentially with an FFR measurement taken after each, giving 60 paired post-PCI datasets (Supplemental Table 1 ). Of the 59 vessels treated, the number of stents per vessel was 1.1 AE 0.3. The stent length and width were 24.6 AE 9.2 and 3.1 AE 0.5 mm, respectively. All patients received second-generation drug eluting stents.
ACCURACY OF vFFR TO PREDICT FFR PRE-PCI. CFD solutions were successfully obtained in all vessels.
The CFD computational time was approximately 95 s per case ( Figure 2 ) (5). Prior to PCI, the mean mFFR was 0.66 AE 0.14, and the mean vFFR was 0.68 AE 0.13. 
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The mean difference (bias) between mFFR and vFFR was À0.02 AE 0.07. The average error was AE0.05 (AE5%).
A Bland-Altman plot is shown in Figure 3A . Values are mean AE SD or n (%).
BMI ¼ body mass index; MI ¼ myocardial infarction.
Gosling et al. VCI TO ASSESS TANDEM LESIONS. In the presence of tandem or serial lesions, it is impossible to determine accurately the impact of each individual lesion upon coronary blood flow by using invasive pressure wire assessment. A distal stenosis provides a fixed resistor which is not amenable to vasodilation, so assessment of a proximal lesion underestimates its functional significance (12) . Only by removing a stenosis (physically or with our system, virtually) is it possible to increase hyperemic flow. This is often the strategy used in FFR-guided PCI, whereby the operator will Angiograms were used to model the vFFR by using the VIRTUheart system, which was calculated to be 0.75 over the same segment. This is displayed in false color yellow, the straight yellow line connecting the same 2 points between which the vFFR was calculated, exactly matching the 2 spots marked by the dashed line (A). (C) After implantation of a 2.75-Â 18-mm stent at the stenosis, the mFFR was 0.88 over the same segment. (D) VCI using the VIRTUheart system was then used to implant a virtual 2.75-Â 18-mm stent, and the recalculated vFFR was 0.88, corresponding to the green line connecting the 2 points. LAD ¼ left anterior descending; mFFR ¼ measured fractional flow reserve; VCI ¼ virtual coronary intervention; vFFR ¼ virtual FFR. lesion. An example of our VCI tool being used to assess tandem lesions in this way is shown in Figure 5 .
Further outcome studies evaluating this approach are warranted.
STUDY LIMITATIONS. The number of cases used in this proof-of-concept study is modest and performed under ideal circumstances in elective cases. Further Gosling et al. Figures 2 and 3 .
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